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Addendum 


Executive  Summary 


A  method  for  calculating  the  remaining  strength  of  partially 
concrete  jacketed  H-piles  has  been  developed.  Using  tables 
and  graphs  contained  in  this  report  the  capacity  of  sample 
piles  in  Piers  G  and  H  at  Charleston  Naval  Shipyard  were  deter 
mined.  >  -|u  y  2 

The  strength  of  all  the  piles  in  Piers  G  and  H  are  equal  to  or 
in  excess  of  the  51.8  tons  maximum  required  capacity. 


Project.  Outline 

In  accordance  with  Contract  No.  N62477-80-C-0102,  Modification 
P-00006 r  Task  No.  7.0,  the  report  which  follows  is  stibmitted. 

The  objective  of  tiiis  investigation,  has  been  to  determine  a 
reasonably  accurate  method  for  calculating  the  remaining  strength 
of  a  steel  H-pile  which  has  a  concrete  jacket  over  part  of  its 
length  and  whose  exposed  surfaces  have  been  diminished  in  thick¬ 
ness  by  the  corrosive  action  of  sea  water. 

Figure  1  shows  the  configuration  of  the  pile  with  its  concrete  1 

jacket. 

Several  conditions  have  been  asstimed  based  on  generally  accepted 
engineering  practice.  These  assumptions  may  be  worthy  of  further 
study  and,  as  a  matter  of  fact,  a  number  of  papers  have  been 
published  concerning  some  of  these  assumptions.  It  has  been 
assumed  that  the  top  of  the  pile  is  imbedded  sufficiently  deep  in 
the  concrete  pile  cap  to  guarantee  a  rigid  connection  between  the 
pile  and  the  pile  cap.  It  is  also  assumed  that  the  pile  penetrates 
materials  of  sufficient  density  to  assume  fixity  at  5'  below  the 
dredge  line.  It  was  also  assumed  that  the  concrete  jacket  around 
the  pile  was  not  integrally  connected  to  the  pile  cap.  During  the 
investigation,  it  was  found  that,  whether  or  not  the  jacket  is 
connected  to  the  pile  cap  has  no  significant  effect  on  the  overall 
load  carrying  capacity  of  the  pile. 

Three  major  considerations  were  considered  important  enough  to 
study: 

I.  The  effect  of  the  concrete  jacket  at  the  top  of 

the  pile  on  column  stiffness. 

II  Effect  of  deterioration  of  the  pile  in  general 
on  the  overall  load  carrying  capacity. 

III  Effect  of  local  deterioration  on  local  buckling 
strength  of  the  column. 

Besides  the  three  conditions  enumerated  above,  the  stiffness  of 
the  concrete  pile  cap  spanning  between  piles  was  investigated  during 
the  computer  portion  of  the  study.  It  was  determined  that  its 
stiffness  normal  to  its  axis  was  so  high  it  had  no  appreciable  affect 
on  the  overall  stiffness  of  the  pile. 

Background 

The  object  of  this  investigation  is  to  determine  if  a  simple,  straight 
forward,  accurate  method  for  determining  the  remaining  capacity  of 
the  subject  pile  has  been  or  could  be  developed. 


The  first  step  was  to  conduct  a  literature  search  to  determine  if 
the  problem  at  hand  had  ever  been  directly  addressed.  A  search 
through  personal  libraries,  local  engineering  school  libraries,  the 
National  Technical  Information  Service  and  Compendix  files  was  made. 

A  great  deal  of  information  possibly  addressing  itself  to  the  problem 
was  collected.  Unfortunately,  no  one  had  directly  addressed  the 
problem  in  any  of  the  literature  found.  Results  and  conclusions 
of  this  report,  therefore,  are  based  on  parts  of  the  literature  found 
the  use  of  a  finite  element  analysis  computer  program  and  basic 
structural  analysis. 


SECTION  A-A 


♦  0.34 


+  7.34 


-  PILE  CAP 


BOTTOM  OF  PILE  CAP 


CONCRETE  JACKET 


MLW  EL  0.00 


III 

I 


BOTTOM  OF  CONCRETE  JACKET 


HP  12X63 


-37.0 


DREDGE  LINE 


POINT  OF  FIXITY 


^  FIXED  ELEVATION  FOR  PIER  G 
VARYING  ELEVATION  FOR  PIER  H 


-42.0 


NOTE:  THE  DIMENSIONS  AND  SIZES  SHOWN 
ARE  TAKEN  FROM  DRAWINGS  OF  THE  PILES 
IN  PIERS  G  AND  H  AT  THE  CHARLESTON 


TYPICAL  PILE 


NAVAL  SHIPYARD  IN  CHARLESTON.  S.C. 


FIGURE  1 


Methodolocrv 

We  investigated  by  finite  element  (computer)  analysis  and  classical 
mathematical  cuialysis  the  critical  buckling  strength  of  a  steel 
H-pile,  with  and  without  a  concrete  jacket.  The  two  methods  were 
used  to  enable  us  to  test  the  computer  software  against  known  values. 

The  first  check  was  of  a  simple  H-pile  fixed  at  both  ends  and  having 
a  constant  moment  of  inertia.  The  value  of  critical  buckling  ob¬ 
tained  from  the  computer  model  was  within  0.3%  of  the  mathematical 
value. 

Next,  a  concrete  jacket  was  assximed  to  be  on  the  upper  portion  of  the 
pile  having  a  combined  moment  of  inertia  1380  percent  greater  than 
that  of  the  bare  pile.  The  critical  buckling  was  computed  by  finite 
analysis  and  according  to  formulae  given  by  Roark. ^  The  results 
compared  within  2%.  These  two  tests  satisfied  us  that  the  finite 
element  software  was  sufficiently  accurate  for  our  further  study. 

(See  Appendix  A) 

Since  the  moments  of  inertia  of  the  piles  and  jackets  vary,  overall 
pile  capacities  were  calculated  two  ways  for  Pier  H.  The  first 
method  used  the  results  of  the  finite  element  analysis.  From  the 
finite  element  analysis  it  was  determined  that  if  the  concrete  jacket 
was  sound,  it  reduced  the  length  of  the  pile  to  that  distance  between 
the  bottom  of  the  jacket  and  the  asstuned  point  of  fixity  5'  below 
the  mud line. 

The  reduced  moment  of  inertia  of  the  portion  of  the  H-pile  below  the 
jacket  was  determined  by  averaging  the  reduced  moments  of  inertia 
along  the  length  of  the  pile  wherever  measurements  had  been  taken. 

In  the  URS/Madigan-Praeger  Inc.  Report  regarding  Pier  G,  measurements 
were  shown  to  have  been  taken  just  above  the  mudline,  just  below  the 
bottom  of  the  concrete  jacket  and  halfway  between  these  two.  In  the 
Childs  Engineering  Report  regarding  Pier  H  at  the  seune  facility, 
measurements  were  taken  along  the  full  exposed  length  of  the  pile  in 
some  instances  and  three  locations  below  the  bottom  of  the  jacket  in 
others.  In  order  to  eliminate  large  variations  the  least  dimension 
and  the  greatest  dimension  on  each  pile  were  eliminated  from  the 
averaging  of  the  moments  of  inertia.  Local  buckling  calculations 
were  made  using  the  least  dimensions  measured  on  each  pile. 

In  the  first  method  of  analysis  the  stiffness  factor  "K"  used  in  the 
Euler  Formula  was  used  as  a  constant  value  of  3.9.  This  value  was 
arrived  at  from  the  computer  analysis  (See  Appendix  A) .  This  value 
is  useable  when  the  concrete  jacket  results  in  a  moment  of  inertia  at 
least  13.8  times  greater  than  the  moment  of  inertia  of  the  unprotected 
portion  of  the  pile  when  the  jacket  is  approximately  25  percent  of  the 
total  length  of  the  pile. 

Since  the  piles  considered  had  effective  lengths  and  radii  of 
gyration  such  that  they  act  as  columns  in  the  inelastic  buckling 
range  (le/r  less  than  120),  the  tangent  modulus  (E^)  was  used  in 
computing  their  overall  buckling  strength.  In  accordance  with  a 
method  developed  by  Avi  Mordkowitz  published  in  "Machine  Design" 


on 


October  3,  1974  entitled  "Safe  loads  for  inelastic  buckling**,  the 
critical  stress  for  each  pile  was  determined  using  a  single  cal¬ 
culation  rather  than  the  usual  trial-and-error  process.  (See 
Appendix  B)  Figure  2  shows  a  curve  representing  the  value  of  tangent 
modulus  versus  stress  for  A-7  steel.  The  curve  is  used  in  accordance 
with  the  method  worked  out  by  Mordkowitz. 

Local  buckling  was  investigated  using  the  American  Institute  of 
Steel  Construction  Specifications  for  allowable  width  versus  thick¬ 
ness  of  flanges  and  webs  of  H-pile  sections.  Wherever  the  width 
over  thickness  ratios  exceeded  the  values  given  by  A.I.S.C.,  critical 
local  buckling  stresses  were  calculated  in  accordance  with  Article  65 
of  Formulas  for  Stress  and  Strain  Fourth  Edition,  by  Raymond  J. 

Roark.^ 

Using  factors  of  safety  based  on  the  end  conditions  and  the  buckling 
curves  as  specified  by  A.I.S.C.,  the  allowable  overall  column 
buckling  strengths  were  calculated.  Local  buckling  strength  where 
applicable  for  each  column  were  also  calculated.  The  minimum  value 
for  either  column  or  local  buckling  was  used  as  the  limiting  value 
for  that  pile. 

The  second  method  of  overall  buckling  analysis  used  an  extropolation 
of  the  values  for  ■\  given  in  Table  34  No.  le  of  Roark** 

as  shown  on  Figure  3.  Using  the  comparative  moments  of  inertia  and 
the  ratio  of  jacketed  length  to  total  length,  a  factor  "K"  can  be 
determined.  This  is  the  same  factor  used  in  the  Euler  formula  except 
that  its  value  mry  exceed  4.0  because  it  accounts  for  not  only  theoret¬ 
ical  shortening  of  the  acutal  pile  length  but  also  an  increase  in  the 
effective  moment  of  inertia. 

Once  the  "K"  factor  is  determined,  solution  of  the  Euler  equation  using 
Young's  modulus  (E)  or  the  Tangent  modulus  (E^)  was  the  same  as  in  the 
first  method  described  above. 

Local  buckling  computation  and  comparison  of  the  two  types  of  buckling 
to  determine  which  controls  was  carried  out  as  in  method  one. 


fm 
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FIGURE  3 
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Fatrtors  of  Safety 


Effective  column  lengths  (KL)  used  in  the  Euler  formula  for 
calculating  critical  elastic  buckling  loads  in  "long”  columns 
are  derived  from  considerations  of  the  behavior  of  a  column  having 
various  end  restraints,  A  column  pinned  at  both  ends  is  the  basic 
column  and  has  an  effective  length  of  L.  A  column  with  one  end 
free  and  the  other  end  fixed,  because  of  symmetry,  behaves  in 
exactly  the  seune  way  as  a  pinned  column  twice  as  long;  therefore, 
the  effective  column  length  would  be  2L  .  A  column  fixed  at  both 
ends  has  an  effective  length  of  HL>.  Other  configurations  using 
other  end  restraints  yield  different  effective  lengths. 

In  practice  the  effective  column  lengths  used  are  somewhat  longer 
than  the  above  theoretical  values.  As  in  all  engineering  consider¬ 
ations,  a  factor  of  safety  is  incorporated  in  the  determination  of 
effective  length  multipliers.  The  column  formulae  presume  that  the 
column  is  initially  straight,  that  the  column  material  is  homogeneous 
and  that  the  loading  is  concentric. 

The  above  considerations  together  with  the  realization  that  residual 
stresses  in  steel  due  to  cooling  after  welding  or  hot  rolling  or 
some  other  fabrication  operation  may  lower  the  buckling  load  levels 
require  the  use  of  factors  of  safety.  "The  critical  stress  to  be 
expected  under  any  actual  set  of  circvunstances  is  nearly  always  less 
then  indicated  by  the  corresponding  theoretical  formula,  and  can  only 
be  determined  with  certainty  by  test.”^ 

Once  the  critical  stress  is  calculated  according  to  the  appropriate 
formula  a  factor  of  safety  is  applied  to  take  into  account  the  anomal 
mentioned  above.  It  should  be  recognized  that  the  modification  of  t^i 
factor  "K"  from  theoretical  to  assumed  values  used  to  adjust  for  the 
effective  length  of  the  column  Ig  =  Kl  is,  in  actuality,  the  applica¬ 
tion  of  another  factor  of  safety. 

The  A.I.S.C.  in  the  latest  edition  of  its  Manual  of  Steel  Constructio 
(1980)  limits  the  ratio  of  the-  ^’idth  of  a  flange  and  its  thickness  of 
a  steel  H-pile  to  a  value  of  .  When  the  ratio  exceeds  this  value 
reduction  factor  must  be  appli^  to  the  maximum  allowable  stress  to  g 
the  useable  stress.  In  this  study,  this  reduction  factor  (Qs)  is 
considered  a  factor  of  safety.  A  representative  value  for  the  piles 
being  considered  is  0.78.  This  value  results  in  a  factor  of  safety  o 
1.28. 

In  addition,  the  A.I.S.C.  recommends  a  varying  factor  of  safety  for 
determining  allowable  buckling  stress  from  calculated  critical  buckli- 
stress  curves.  This  factor  of  safety  varies  from  1.92  to  1.67  depend¬ 
ing  where  on  the  composite  Engesser/Euler  slenderness  curve  the  colur 
is  located.  (See  Table  I)  The  lower  value  of  1.67  was  used  since  ih 
columns  analyzed  are  in  the  inelastic  or  Engesser  portion  of  the 
slenderness  curve. 


Combining  the  two  factors  of  safety  1.28  and  1.67  gives  an  overall 
factor  of  safety  of  2.14.  This  value  was  used  in  determining 
allowable  overall  buckling  stress  based  on  critical  overall  buckling 
stress. 

Local  column  buckling  formulae  for  determining  critical  local 
buckling  stresses  as  developed  by  the  A.S.C.E.  Column  Research 
Council  incorporate  a  factor  of  safety  of  1.67.  Local  buckling  is 
less  subject  to  material  non-homogeneity  and  eccentric  loading  be¬ 
cause  of  the  restrictive  areas  over  which  this  type  of  buckling  acts. 
This  factor  of  safety  which  is  lower  than  the  overall  column  buckling 
factor  of  safety  is  deemed  adequate  for  the  reasons  cited  above.  In 
field  examinations  local  buckling  due  only  to  loss  of  section  through 
corrosion  has  not  been  found  to  constitute  the  failure  mode  for  a 
coliamn. 


Table  1 


A.2.5.C.  Column  Allowable  Stresses 


Cr>  *  Column  slenderness  ratio 

dividing  elastic  and  inelastic 

buckling. 

E 

•  Young's  modulus 

Fy 

Fy 

«  Yield  stress 

For  A-7  steel 

E 

=  29,600,000  psi 

Fy 

=  33,000  psi 

Cc  =  133.1 

For  A-36 

E 

=  30,000,000  psi 

Fy 

=  36,000  psi 

Cc  =  128.25 


Factors  of  Safety 


KL  > 

r 

Elastic  buckling  range 

Fs  = 

23/12 

=  1.92 

0  <  ^  < 

Inelastic  buckling  range 

It 

0,Fs 

5/3  =  1.6 

kL  _ 
r 

o 

o 

s  23/12  * 

0 

Short  columns 

Fs  = 

5/3  = 

1.67 

See  reference  2 
95.0//F^  <  ^  <  176//f^ 

Qs=  1.415-  .00437  ^•2)  /Fy  =  0.78  (representative  value) 


steel  Pile  Corrosion 

The  prediction  of  the  steel  corrosion  deterioration  requires  at 
least  two  examinations  with  a  time  interval  between  two  to 
five  years  in  order  to  predict  future  corrosion.  The  initial 
coatings  of  the  piles  would  have  protected  the  pile  against 
rapid  corrosion  until  it  deteriorated.  Assuming  corrosion  at 
the  present  rate  started  the  day  the  piles  were  driven  leads 
to  the  assumption  of  a  lesser  than  actual  rate  for  loss  of  metal. 
Base  line  piles  which  are  located  and  carefully  evaluated  during 
each  periodic  inspection  will  allow  the  prediction  of  corrosion 
rate. 
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Condition  1 


The  addition  of  a  concrete  jacket  around  a  steel  bearing  pile  may 
have  been  done  for  two  reasons.  First,  usually  when  added  during 
initial  construction  it  is  intended  to  protect  the  pile  against 
corrosion.  Since  most  salt  water  corrosion  occurs  from  a  few  feet 
below  low  water  to  the  top  of  the  splash  zone,  the  jacket  starts 
at  the  underside  of  the  pile  cap  and  extends  a  few  feet  below  low 
water.  Another  technique  calls  for  the  concrete  jacket  to  extend 
from  the  pile  cap  to  the  sea  floor. 

Second,  when  the  jacket  is  added  after  the  pile  has  been  in  place 
for  sometime,  it  is  being  used  to  strengthen  the  corroded  pile 
and  to  protect  the  pile  from  further  corrosion.  The  jacketing 
usually  extends  from  a  few  feet  below  low  water  up  through  the 
splash  zone.  It  is  not  attached  to  the  pile  cap  and  may  or  may 
not  contain  reinforcing. 

This  discussion  addresses  itself  to  the  pile  jacket  which  occurs 
only  at  the  top  of  the  pile  and  which  is  an  integral  part  of  the 
pile  cap.  Jacketing  of  piles  for  their  full  length  adds  to  their 
stiffness  but,  since  it  is  for  the  full  length  of  the  pile,  there 
is  no  discontinuity  to  consider. 

The  two  foot  diameter  concrete  jacket  added  to  the  top  of  the  steel 
H-piles  under  investigation  increases  the  minor  axis  moment  of 
inertia  better  than  12  times.  The  finite  element  analysis  indicates 
that  this  is  tantamount  to  shortening  the  pile  for  the  length  of 
the  jacket.  From  Figure  Iq,  table  34  of  Formulas  for  Stress  and 
Strains ,  Fifth  Edition  by  Roark  and  Young,  (See  Appendix  B)  it  can 
be  seen  that  as  the  moment  of  inertia  of  the  jacket  increases  with 
regard  to  the  moment  of  inertia  of  the  pile,  the  critical  buckling 
load  increases.  As  the  length  of  the  sound  pile  jacket  increases, 
the  critical  buckling  strength  of  the  pile  also  increases. 

Our  concern  that  the  jacket  may  not  have  been  fully  bonded  to  the 
pile  cap  was  addressed  in  the  computer  model.  Leaving  a  theoretical 
one  inch  gap  between  the  bottom  of  the  pile  cap  and  the  jacket  made 
no  significant  difference  in  the  overall  capacity  of  the  pile. 

This  was  not  surprising,  inasmuch  as  the  steel  pile  was  embedded 
sufficently  into  the  concrete  cap  to  develop  full  practical  fixity. 
The  concrete  pile  jacket  even  if  it  were  bonded  to  the  pile  cap 
would  still  not  improve  on  the  fixity.  Vertical  cracks  in  the  pile 
jacket,  since  they  do  not  effect  the  moment  of  inertia  of  the 
cross  section  of  pile  jacket  and  pile,  have  no  theoretical  effect 
on  the  moment  of  inertia.  Horizontal  cracks  (cracks  normal  to  the 
longitudinal  center  line  of  the  pile)  would  have  effect  only  if  they 
were  numerous  so  that  the  concrete  jacket  could  not  act  as  a 
continuous  member.  In  the  actual  inspection,  few  horizontal  cracks 
were  found.  (See  Note  4.  in  the  Addendum  for  further  discussion  of 
relationship  of  concrete  jacket  and  steel  H-pile) 


The  mathematical  method  for  calculating  the  critical  load  of 

a  steel  H-pile  which  is  partially  protected  by  a  round  concrete 

jacket  is  as  follows: 

1.  Determine  the  original  profile  of  the  steel  H-pile  and 
its  original  cross-sectional  area,  moment  of  inertia 
about  the  weak  axis  and  resulting  minimum  radius  of 
gyration. 

2.  Measure  the  length  of  the  concrete  jacket  and  the  overall 
length  of  the  pile  from  the  bottom  of  the  pile  cap  to  the 
mudline. 

3.  Measure  the  diameter  of  the  concrete  jacket.  Compute 
the  combined  moment  of  inertia  of  the  jacket  and  H-pile 
about  the  weak  axis  of  the  H-pile. 

4.  Measure  the  loss  of  cross-sectional  area  of  each  flange 
and  the  web  of  the  H-pile  at  the  mudline,  just  below 
the  concrete  cap,  at  mid-height  and  at  any  other  location 
of  severe  corrosion. 

5.  Compute  average  area  and  remaining  moment  of  inertia 
about  minor  axis  over  exposed  length  of  pile  and  minimum 
area  and  moment  of  inertia  about  minor  axis. 

K 

6.  Using  ocr  =  '•  ( 1  /r )  ^  find  critical  buckling  load  using 
either  Young's  modulus  (E)  or  Tangent  modulus  (Et)  as 
suits  the  column  conditions.  Column  factor  K  is  to  be 
determined  using  either  the  results  of  a  finite  element 
analysis  (as  done  in  this  report)  or  an  extension  of  Table 
le  from  Formulas  for  Stress  and  Strain  5th  Edition  by  Roark 
and  Yound  as  shown  in  Figure  3 . 

If  Et  is  used,  the  method  for  determining  the  values  of 
Et  and  o  as  shown  in  "Safe  Loads  for  inelastic  buckling" 
by  Mordkowitz  should  be  used.  The  curve  of  o  versus  Et 
for  A-7  steel  is  included  as  a  part  of  this  report  in  Figure  2 

The  length  of  pile  used  in  the  formula  depends  upon  the 
comparative  moments  of  inertia  of  the  jacketed  portion  of 
the  pile  and  the  bare  portion.  If  the  jacketed  portion  is 
very  much  stiffer,  it  is  considered  a  part  of  the  pier 
deck  structure  and  the  length  of  pile  considered  is  the 
unjacketed  length.  (The  condition  found  in  this  study 
was  I2  =  241 1  when  the  piles  were  new.  K=3.9  takes  into 
consideration  the  slight  flexibility  of  the  jacket  when 
compared  to  a  completely  rigid  structure.) 

If  the  jacket  were  only  to  increase  the  moment  of  inertia  in 
that  area  by  a  factor  less  than  24  the  relationships  shown 


in  Figure  3  %>ould  be  used  for  K. 

Using  appropriate  factors  of  safety  depencent  upon  flange 
width  to  thickness  ratios  and  overall  buckling  condition 
(in  accordance  with  A.l.S.C.)  calculate  allowable  column 
buckling  load. 

Calculate  if  local  buckling  need  be  considered.  If  it 
does,  calculate  allowable  loads  considering  local  buckling, 
Using  the  cross-section  of  the  pile  where  the  greatest 
corrosion  has  occurred,  calculate  the  ratios  of  width  versus 
thickness  (b/t)  for  the  flanges  and  web.  If  these  values 
exceed  those  allowed  by  the  A.l.S.C. ,  calculate  the  allowable 


formulae , 
for  webs. 


ocr  = 


A.S.C.E.  Column  Research  Council 
(■^)  ^  for  flanges  and  ocr  =  (1) 


The  lesser  of  the  overall  allowable  buckling  load  or 
allowable  local  buckling  loads  determine  the  allowable 
column  load. 


Condition  II 


The  overall  critical  buckling  load  of  the  pile  was  determined 
by  using  the  length  of  the  pile  between  the  bottom  of  the  concrete 
jacket  and  a  point  five  feet  below  the  harbor  bottom.  The  critical 
buckling  loads  of  a  column  having  this  length  were  determined 
using  either  the  Euler  Formula  or  Engesser  Formula.  Essentially 
these  two  formulae  are  the  same  except  that  the  Euler  Formula  uses 
the  Young’s  modulus  (E)  of  the  material  while  the  Engesser  Formula 
uses  the  Tangent  modulus  (E^)  of  the  material.  (Many  texts 
addressing  the  strength  of  colvimns  discuss  the  difference  between 
Young's  modulus  and  Tangent  modulus).  All  of  the  piles  investigated 
in  Pier  H  were  short  enough  to  be  considered  as  short  columns 
where  the  critical  load  was  inelastic  buckling  load  utilizing 
the  Engesser  Curve  for  calculating  these  loads.  The  test  for  the 
computer  model  assumed  that  the  columns  were  acting  as  long  columns 
which  would  fail  due  to  elastic  buckling.  Their  capacity  was 
calculated  using  the  Euler  Curve.  These  values  are  not  actually 
correct  in  an  absolute  sense,  although  for  comparison  purposes  they 
are  sufficient. 

If  the  corrosion  of  a  steel  H-pile  occurs  at  its  midlength,  the 
effect  of  the  loss  of  cross  section  on  the  overall  column  buckling 
strength  decreases  as  the  affected  length  decreases.  If  the  corroded 
area  of  a  steel  H-pile  encompasses  its  full  length,  the  loss  of 
strength  usually  varies  in  direct  proportion  to  its  loss  of  area. 

This  relationship  is  easily  understood  if  one  considers  that  when 
corrosion  diminishes  the  thickness  of  the  flanges  and  web,  the  loss 
of  area  and  loss  of  moment  of  inertia  are  in  direct  proportion. 
Critical  load  on  a  column  is  directly  proportional  to  that  pile's 
moment  of  inertia.  Bracket  et  al  in  their  study found  that  as 
the  affected  length  of  pile  whose  area  was  reduced  was  shortened,  the 
effect  on  the  overall  column  capacity  diminished.  Example:  If  a 
pile  had  lost  50%  of  its  cross  sectional  area  due  to  corrosion  its 
overall  column  load  carrying  capacity  would  be  reduced  50%  if  the 
corrosion  occurred  over  the  full  length  of  the  pile.  If  the  same 
loss  in  area  had  occurred  over  only  the  center  20%  of  the  pile,  the 
loss  in  overall  column  carrying  capacity  was  only  30%. 

In  the  following  pages  several  characteristics  of  the  piles  in  Pier  H 
are  calculated  using  dimensions  as  found  in  the  Childs  Engineering 
Corporation  Report  regarding  Charleston  Naval  Shipyard^® 

Web^  =  thickness  of  corroded  H-pile  web 

Avg  FLy' =  average  thickness  of  the  two  flanges  at  any 
elevation  where  they  have  been  reduced  by 
corrosion 

Webjnin  ~  minimum  thickness  of  corroded  web 

^^min  “  minimum  thickness  of  corroded  flange 

Aj.  =  remaining  cross  sectional  area  of  the  H-pile 
using  Web^.  and  Avg  FLj.  dimensions 


remaining  moment,  of  inertia  aJaout  the  weak 
axis  of  the  H-pile  using  Web^.  and  Avg  FL^ 
dimensions. 

remaining  raduis  of  gyration  about  the  weak 
axis  of  the  H-pile  using  and  A^. 

ratio  of  flange  half  width  divided  by 


ratio  of  web  width  divided  by  Webmin* 
Identifier  of  pile. 


actual  length  of  pile  from  the  bottom  of  the 
concrete  jacket  to  the  asstimed  point  of  fixity 
five  feet  below  the  actual  mid  line. 
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Condition  III 

The  Critical  load.  Per#  is  the  smallest  load  which  will  hold  a 
column  in  an  elastically  buckled  or  slightly  deflected  form- 

Some  columns  having  unsupported  flanges  or  legs  which  have  a 
very  small  thickness  to  width  (t/b)  ratio  may  buckle  locally  and 
possibly  this  local  buckling  will  reduce  the  overall  buckling 
strength  of  the  column. 

A  plate  simply  supported  at  its  loaded  edges,  simply  supported  on 
one  unloaded  edge  and  unsupported  at  its  other  unloaded  edge  (this 
is  the  condition  of  any  outstanding  flange  or  a  channel  of  H-beara 
or  I-beam)  will  buckle  at  some  load  Per*  However,  as  the  load 
increases  the  stress  close  to  the  simply  supported  edge  will  increase. 
The  stress  at  the  mid  section  where  the  bulges  form  remains  about 
constant  even  as  the  bulges  continue  to  increase.  Thus,  the  total 
load  causing  buckling  failure  will  depend  upon  how  much  the  bulges 
are  allowed  to  deflect.  Usually,  the  load  is  restricted  to  that 
which  causes  a  stress  in  the  neighborhood  of  the  simply  supported 
edge  equal  to  the  field  strength  of  the  column  material.  (See  Figure 
4.  ) 

The  A.I.S.C.  gives  relationships  for  the  width  to  thickness  ratios  for 
flanges  and  webs  of  H-sections.  For  A-7  steel  the  width  to  thickness 
ratio  for  flanges  should  not  exceed  or  16.5  oy  is  the  yield 

strength  of  material  which  is  33,000  psi.  The  width  to  thickness 
ratio  of  the  web  should  not  exceed  or  44.0.  As  long  as  these 

two  values  are  not  exceeded  local  Duckling  will  not  control  on  a 
column.  If  these  values  are  exceeded  the  stress  computed  as  the 
load  on  the  column  divided  by  the  net  area  should  not  exceed  critical 
stresses  calculated  as  follows: 


.416E 
=  1  _ 

'E>' 

For 

flanges 

3.29E 
=  1  _ 

For 

webs 

Critical  local  buckling  loads  can  than  be  calculated  using  these 
stresses  and  the  reduced  local  areas. 
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COMBINED  BUCKLING  LOADS 


Once  the  overall  column  buckling  critical  load  and  the  local 
column  buckling  loads  have  been  calculated,  they  should  be 
summarized.  The  overall  column  buckling  load  should  be  divided 
by  a  factor  of  safety  in  order  to  arrive  at  an  allowable  buckling 
load.  The  calculations  for  the  local  buckling  loads  are  already 
at  the  allowable  values.  Then  the  two  loads  for  the  same  columns 
should  be  compared  in  the  lesser  of  the  two  it  will  be  controlling. 

In  Pier  H,  of  the  piles  that  were  examined  closely  and  subsequently 
analyzed,  only  one  pile  (9A)  capacity  was  controlled  by  local 
buckling.  This  pile,  however,  has  a  capacity  greater  than  the 
maximum  pile  loading  of  51,8  kips. 
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PIER  G 


The  calculations  for  Pier  G  which  follow  have  been  carried  out 
in  the  same  manner  as  those  for  Pier  H.  The  values  for  flange 
and  web  thicknesses  are  taken  from  the  URS/Madigan-Praeger  report 
of  1979.  No  mention  was  made  in  this  report  of  the  actual  bottom 
depths.  Assuming  that  the  bottom  depths  at  this  pier  are  similar 
to  those  found  at  Pier  H,  the  allowable  buckling  loads  shown  are 
too  low  for  the  presumed  shallower  bottom. 
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Conclusions 


1.  Based  on  the  A.I.S.C.  Specifications  for  the  Design, 
Fabrication  and  Erection  of  Structural  Steel  for  Buildings 

a  factor  of  safety  for  the  overall  inelastic  column  buckling 
of  the  pile  of  2.14  was  used. 

2.  The  factor  of  safety  for  local  buckling  is  generally  con¬ 
sidered  as  1.67.  This  value  is  incorporated  in  the  ex¬ 
pressions  used  to  calculate  allowable  compressive  stress. 

3.  Using  readily  available  tables,  charts  and  formulae  con¬ 
tained  in  this  report,  the  controlling  compressive  stress 
in  the  subject  concrete  jacketed  H-beams  of  Piers  G  and  H 
were  calculated. 

4.  None  of  the  piles  sampled  in  Pier  H  have  capacities  below 
the  required  51.8  tons.  The  pile  capacities  in  this  pier 
were  calculated  using  the  actual  bottom  depths  as  measured 
during  the  1981  inspection.  None  of  the  piles  sampled  in 
Pier  G  appear  to  be  below  the  desired  capacity  of  51.8  tons 
(presuming  that  Piers  G  and  H  have  the  same  imposed  loads) . 

5.  With  only  one  examination  of  the  corroded  H-piles  it  is  not 
possible  to  predict  the  corrosion  rate. 


Jfec..  S|  1‘fSI 


^  /  s/Uo^  /i*  ^^l»\j  i.  ifc 

c"^  H  p'  /(“i"  't^^~t  I^A\je.  l>€t^  y Lf  7d 

5al~h  Coy-'cStot^  ,  A 

7'i*->>"^  e)€^-«-^7  pt'cjt^^  jf  ,  "7%^ 

pi  1^  j)<t>p<iv'i[e  j  (^ Ct^crs  X<?c//o^^<  /  ey^ecu^  i>a^9/i*y  T^i'ffnC’fs 

Q.'^c^  d  F6e»^»*n('-^e  ^  'f'*^K/^  4^"^  7w^^/i'€c/ 

-/^G5  (>^12.  S Mc<  d  0U\  —  6-  K'eys  O/-^  ^■f  i,/97g 

p:l«  fcOP  cAccSe^  «S  f(Lp  r<ir*-iT‘irT/l/^  ,  7^^'='r^• 

d  •'€  U  re  c\  c/eS-OK.  tt  -f^ ~^\^i'fi. 

1?4-  4-ke  ^^5■■^'€-v^.  ourf]>u--(r  o-p-  TAe 

5'iyoc'Kji^««.  I  t)oc(=^  1 1'-.^  (Xy\c^l  s'ts  15  'H^g.  cr'7^c,<«_p 


€:l<?j'7ic  b'-'<^  kV  /  oca,  vl 

■yt- yAfXFi'syd  cror-^d >'^h‘^  ' 


>-^  A^-JC?  Co  / 


TUe  C7^  kUe  CO^c»w.y^  I  1^  <^uf‘ r4-ie?ky  IS" 

-faowsd  Au  be  ^IK  f/eoT)  . 


2,-0  ■^cory*' 


"io  t  h. 


(X  ^  ^  ^ 

5’A70»-c**^ 

r 

C<.  col  V»VN 

o“f 

3:^  -PI  d 

txjaS 

^2-  4  -1  €.  d  - 

'T'^tS  ^0/ ‘^•v»  h 

A  Ci  c^ 

=  5'-/5  7  v/^ 

^  /i, 

-f^QC 

-pVT  ok^  'f^"'  ^ 

^  kNCr  U/ 

=:  y/o^  M,  CK  r  ob-h.l-'el 

-M\QC 

^  o^  'H'  #  ^►nGt/^X/S'  U/A«C^  Kj'^ill'^t^ 

‘YQ  cx/ot^j  Yi-t  5”3? 

<r  •  /^V  X  ^  /6  ~ft>r~ 

A  rec  C^>A  c/  C.^  f' <^>r\  U/>/\fet''C 


?xo«c.'V^,  5*“^  €c1;4-iok,  p«?.^e  ^5C  Cc?-re  /c^ 

Ol"HiC <  I •'\~f« r  po  ^ 

pc-r^  /^-'  W'Cp  —  3*52  V/O^  /ii^. 

Pcv  •f-*'  OWN.  -H^e  •4'*^!'^^  0  ( e<>w  ZaaT^  /^  x/j‘  ^ 

■T^r-  ei^KO/^  , 

“K'^  Q.  CCiJ^^a  Ci^ 


35 


C'f  ■Hv£  "dm  f-8 


^  l-evvv.e^'V  Pc>‘9tL4jt*.*'€ 


I 


So  ( #  •N  ^  C  lar/v  C  i>uc  Kli'*y 

"rVv€  X)-F  Co/ok^*, 

CtO  is  ![lr\o-o>\  !►>  -P»^  wr€  ~L^  ^'i^ijres  3  iArat^ly^ 

4  5^ot<;  +^e  W  Cr^cTS-  r«c-'f»c?>^  (J) 

OirQ,iS  4^^  C^xlcu  1 ‘C'f/o^s  rec/t^C«e^ 

^vec^  A— » d  )*\Ay‘'^q  s  .  ^ 

prO^fcK'fif/  -(t?/-  •fi*-il~h^  cf*i«‘0*r/s' 


5‘<=> 

4-K<C^  frvp4^ 

nesses-  C€t^ 

^  C4 /c^lm'^9c(^ 

TKe_  tcije.  c>~f  4A.e 

H 

5«.c.'Ai'o«^  /S 

o  xiro*-»v6(f 

4e-J 

()€.  1^ ' 'i  1  ^  'Pi'/eci 

Q_ 

^oUT  S’ 

-IV*!. 

^Koport  i  drec^C- 

&kj 

«-f  -^7'. 

"Tko- 

-k.  p 

o-F 

is 

aJT«^.^^c/  "i/d 

4  c-  riy^^U 

-ioo' 


'fKe_  4^)  vf'4^(? 


pK,cv\r^  jQC^^'^‘  'fAlS  C>l<>v.  CDtnd'der  i^Q 

6vc4v^  o'?  c>^  CDao»'«'^ 

•-«-'»w  '/-lr\«_  ^«<a^  < 

0  “/^c.  /<pc4'7^”»*^ 


fr 

/7  '  ./ 


/«*«  if 


’CP- 


/«n 


/S 


■ftr- 

0-Jjrv>f,  l,(oO ,100  lb  OK-  /^i9  4t>nS  .  T/i;;  f^roft  is 

-f-K-o^  -l^^O  .’+e. 

e'x^ 1/* c-^ok-  (^  Je-(^  l^t.,  d  il'\e^jie.  ') 


Ci¥\e<l*f^iS,  Tixe 


7 


ys 


s'AiXi?*^  b^loKjj , 


-170.1  l^ 
(-z.’Z^-L  ffc”) 


L,M  CcUox^ 


/X 


T'K-fi  ^ 

cK^^foy.  7/  **’  ^  •  ^  *1^^  f^^oc.^f[ 

S'Ct'/'cVs.  ^«.^w  /»*»<  ) 

v^e". 

'TKove-^’^t  ■K^‘2-  K  ^  col\j>*^*^ 

7-^  /^Jocf  d  fcO 


=  36^100  Ih  - 


rr^ 


TWcdorG  ^  /’-f  -/Aft  jacK^-ir  /e-vy-T^  /s 


p57®  c>o^«^«^ll  I'^j  ^jacK  »  ^  r«d  I 

^  Ap  H? 


\a} ^  Ct^lftro  v- 


Pc^  'V  3.<)-rr''Ea: 

_ r^ 

0  ^ 

^  red  , 


“TKe  o*^  “f^C-  reduced  fsc^'^ioiy  ^  /o''/d 


C'l'vO/^tC.  cl»~Q  W'l  ^  J 1  ■fr'*ivs 


U>  -h?  M  4c  C  +0  i 


Vi3».\«^.  "T^^  CLPovC  rC<^  yi)‘^a,(f /e  5*nce 

4'v'n<?  Je^c-ICtHr  olI  i^c>s~t7  CC?*'^'p I  ^9S~(~>^*>yC 

rvdoctffl  $<?  -(i.>-  tOK '»C U  K  ^-O  »  S’rwt  / / 

OLwsoor^'t  oH  b '  ^ V  kelcuj  ^'O' 


I  «  Jt^/Z  / 


38 


A-  c!^  Cia/tM»>*» 

ujQf  ^er^r'^^td  lb  •^Ae.  C\riiic^uP 

-e-l<Tf*^/C-  6oC^/<V^  /oct<{  0“^  Col\JM*^  ^  ?Ch~ 

u/cij  'fco.^d  -h  he  ^  3^/A‘^/Po7”)  , 

O o>tjey  oo^^e  ^9r’(crx^-f‘J  io  uti/id^fe 

'five, 

#v>oc/<-l  t/fed  .  ;?<=ro/TV  u^e^'c  eKcelle^ir 


Due  '|o  "K\e  yeue^p/^  redo  tec/  'f'/«-^ 
1J2.I5  '/^'i<^t^ejTP,r  ^  /ocv/  /ocAJj^j 

^'f  v/^Q  uJorK^ 


F-^.i'Wc  Clfl^  I 


lw 


Ao^tt  1  Itty'K^  —  (olG 

'  ^  ,  -7  ' 


=  5/0 


Vcoo*^L 


11-2.“) 


Jtxc 


^  coo^d 


A^^c'c.  /3  (X~  -3fc*‘') 


^o.^e  “U" 


A>k>c/e  2^  (X--JGH''') 


~^c»^  g _ 


A/oc/e,  37  ) 


.e  "I.' 


F•'^.•^  o«**N  ^55 - 'T..  56  -^0^“') 


\jrQ.  3 


/  . 


HP 

(^W  Se£i\o^ 


^y”  du*^  .  Co^  c  jcig.k^'t' 

j>o.^  Y^D 

C  5^*^  hd") 


S  b, 


^  JELil  _  lC.7B(ff\^'^ 

Qh 

1  ccjKic 


X-TX 

./»ftfcQ"( 


^  /C,2^0C//o  ^  /C:2f  in"' 


Of<X, 


f\f  TTj 


4/^  a-^  ^ 


V<2^ 


/; 


,.;o^  ^  -t  -  39v  +  /C2^  -:?0i3 

Ory 


n-  I  IK  e  f' 


\n+/i„ri  =/7?£;. 


Wj 


O.HOO 


O'S^  \<r^ 

5-.7^ 

'.70 

^•7r 

/f 

/•^ 

)L'V 

r-7? 

-77 

7.8 

c? 

.6C- 

2*8 

O 

.c^ 

-5.75 

n 

/^7$’ 

/.r 

'>? 

^•7S 

/<r 

S*'o 

21 

3^ 


70 

..(a 


X^t 


/V.  3/> 

/v'  7(p  'X 


CeA<iAA^ 


r«*  I 


O.XiO 

<»  yfs  i 

b.230 

y. 

S- 

/ 

0-^9 

^.75- 

2 

o-?z- 

h 

/5 

5 

oni 

*\ 

/f 

h 

6.^9 

V 

/.7V 

z-e 

o 

**'<'>6^  '►n 


A-  C 


-S’  Co 

P>^pgW»p^ 

C»-o5T 

Sc-crfi  1  A.-e 

•  1- 
l^l 

A-^t  if  A 

V 

i»o 

0'-' 

N 

% 

"P^-p-Kv 

‘K 

'Rtt.-fev-  -tcj  •Fs ^  W»V‘2«  o~^  A>v^SY'^  Lhe^i  >M<tAo».l  . 


»  jt  *  ~  I 

*  %.* 


Ci,\o>~sJ 

•'vv  1  •->  Or- 

cv^yr  is 

/  5 

U>?r 

<x\0r^j 

rv>pi J  Or¬ 

a-xfS 

is 

UX 

pa-f-? 

ex  loy\  j 

eo/  . 

a<.X.  '9 

is 

UY 

”•*•*■*  •“  •’  •"•,*•'  ,•«  ••*. 


Zi/f/fZ 


m  fc '•  »*«  m'*  “•»  L.N  *•  “*  * 

'  -‘o' 


6 


H  (parallel  to 
global  X-Y  plane 
if  0=0.) 


Elerrsnt  coordinate  systems  shown  are 
in  the  6  =C.  position. 


y 

y 

T 

AV& 

O  —  Face  Numbers 


Figure  4.4.1  Three-Dimensional  Beam  Element 
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"Sale  loads  for  i.xtelast:ic  buckling*  —  Machine  Design,  Oct^oex  3,  1974 

Avi  Mordkowitz 

Project  Engineer 

Hydraulic  Research  and  Mfg.  Co. 

Valencia,  California 

STRESS  ANALYSIS  is  taixly  st^xaightf orward  if  a  material  is  not 
loaded  beyond  the  yield  point.  But  the  analysis  is  complicated 
in  the  inelastic  range  where  material  behavior  is  no  longer  linear. 

The  analysis  of  column  buckling  is  particularly  cumbersome  in  the 
inelastic  range.  The  conventional  method  is  a  tedious  trial-and- 
error  process  in  which  you  first  select  a  slenderness  ratio  L^/p 
for  the  column,  assume  a  value  for  tangent  modulus  E^,  and  then 
solve  for  critical  stress  Ocr*  Then  you  check  a  plot  of  Ef.vs.o 
to  see  how  accurate  you  were  in  your  estimate  of  E^.  Chances  are 
that  you  weren't  close  enough,  so  you  have  to  repeat  the  process 
with  new  values  of  E^  until  your  estimated  and  computed  values 
coincide. 

Here  is  a  new  approach  that  eliminates  all  iteration.  It  is  based 
on  a  computed  value  found  from  a  modified  relation  of  the  Euler 
formula.  This  value  is  plotted  as  a  slope  on  a  graph  of  stress  vs. 
tangent  modulus.  Critical  stress  is  then  read  directly  from  the 
intersection  of  this  slope  with  the  tangent  modulus-curve. 

The  basic  Euler  column  formula  is 
TT^E 

“  (Le/P)  = 

where  oe  =  Euler  buckling  stress,  psiy  E  =  modulus  of  elasticity,  psi 
Lg  =  effective  length  of  column  P  =  radius  of  gyration  =  (I^^„/A)  S, 
in.;  Imin  =  minimum  moment  of  inertia  of  the  cross-section  in)!  A  = 
area  of  cross-section,  in! 


•  2  - 


The  Engesser  formula  introducing  the  Tangent-Modulus  Theory  and 
accounting  for  inelastic  column  buckling,  is 

TT^Et 

Ocr  “  (I'e/pJ  ^  (2) 

where  acr  =  critical  buckling  stress,  psi. 

In  this  modification,  E  in  Euler  equation  is  simply  replaced  by  E^ 
the  tangent  modulus.  This  modulus  is  the  rate  of  change  of  stress 
o  with  respect  to  strain  e,  or 


where  do/de  is  the  slope  of  the  stress-strain  diagram  from  tests, 
the  relationship  can  be  plotted  to  a  large  scale,  and  the  slope — 

or  tangent  modulus - can  be  found  by  locating  a  straight  edge  tangent 

to  the  curve  at  the  point  in  question. 


The  solution  of  Equation  2  for  a  column  of  given  material  and 
dimensions  involves  a  trial-and-error  process  because  a  value  of 
Et  cannot  be  selected  unless  ocr  is  known.  This  limitation  can 
be  overcome  by  the  fact  that  the  term  tt^/  (Le/p)  ^in  Equation  2  is 
equivalent  to  critical  strain  ecr. 


ecr  = 


Therefore  Equation  2  can  be  written  as 


Ocr  =tcr  (5) 

If  you  view  this  equation  as  being  of  the  classical  linear  form  y 
=  mx,  where  m  is  the  slope  of  y  plotted  against  x,  then  the 
term  ecr  in  Equation  5  is  equivalent  to  the  slope  of  critical  in¬ 
elastic  stress  Ocr. 


-  3  - 


Sow  consider  a  plot  of  sl:ress  o  vs.  Ef  If  “the  value  of  ccr  is 
plotted  as  a  slope  through  the  origin  on  this  curve,  this  slope 
intersects  critical  stress  ocr.  Thus,  ocr  can  be  read 

directly,  and  there  is  no  need  for  iteration. 

The  required  plots  of  ovs.  Et  can  be  found  from  references  such 
as  MIL-HDBK-5B. 

Before  applying  this  new  approach,  you  may  find  it  helpful  to 
review  common  types  of  end  constraints  for  a  coliamn.  Fig.  2.  In 
the  basic  column  with  both  ends  pinned,  Fig.  2a,  the  moment  at 
each  end  is  zero.  The  column  with  one  end  free  and  the  other  end 
fixed.  Fig.  2b,  because  of  symmetry,  behaves  in  exactly  the  same 
way  as  a  pinned  column  twice  as  long. 

The  concept  of  effective  length  Lg  takes  into  account  these  differ¬ 
ences  in  behavior.  Effective  length  is  defined  as  that  length  of 
a  pinned-end  column.  Fig.  2a,  that  would  have  the  same  critical  load 
as  the  column  in  question.  Thus,  an  endconstraint  coefficient  a 
is  introduced.  Where  L  =  true  length  of  the  column,  then 

Lg  =  aL  (6) 

The  effective  length  for  Fig.  2b,  therefore,  is  Lg  =  2L.  In  the 
inelastic  range,  the  critical  stress  is  oi/4  for  this  case,  where 
01  =  critical  inelastic  stress  for  the  basic,  pinned-end  column. 

In  Fig.  2c,  the  column  is  fixed  at  both  ends.  There  are  inflection 
points  at  the  quarter  points,  causing  the  center  half  of  the  column 
to  behave  as  a  pinned-end  column  of  half  the  actual  length.  There¬ 
fore,  Le  =  L/2  and  ocr  =  4oi. 

In  Fig.  2d,  the  column  is  pinned  (but  constrained  to  move  axially) 
at  one  end  and  fixed  at  the  other.  The  exact  solution  gives  a 
critical  length  value  very  close  to  Lg  =  0.7L,  and  critical  stress 
is  approximately  o^r  =2  0j^. 
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Example;  Consider  a  column  of  7075-T62  aluminijm  plate.  Fig.  3. 

What  is  the  critical  inelastical  buckling  stress? 

Solution;  The  Euler  column  formula.  Equation  1,  is  valid  if  the 
material  response  is  elastic;  that  is,  stress  remains  below  the 
proportional  limit  opl.  In  this  example,  the  Euler  equation  pro¬ 
vides  a  critical  stress  oE  =  131,250  psi,  which  is  far  higher 
than  the  proportional  limit  stress  opl  =  61,000  psi.  So  an  inelastic 
analysis  must  be  applied. 

The  tangent-modulus  vs.  stress  curve  is  obtained  from  a  reference. 
Fig.  4.  The  column  loading  is  seen  to  be  equivalent  to  that  of 
Fig.  2d  with  end-constraint  coefficent  a=  0.7.  From  Equation  6 
the  effective  length  Lg  =  La=  (0.7)  (1  ft)  (12  in. /ft)  =  8.4  in. 

The  cross-sectional  area  A  =  0.6  in. ^  The  minimum  moment  of  inertia 
Imin  =  bh^/12=0.054  in.**  Radius  of  gyration  p  =  (Imin/A)  *5  =  0.3in. 

=Tr2/(Le/p)2  =  7r2/(8.4/0.5^ 

^  =0.0125  in. /in. 

Thus,  Equation  5  has  the  form  ocr  =  0.0125  Ef  If  this  equation  is 
plotted  on  Fig.  4  (in  other  words,  if  a  straight  line  of  equivalent 
slope  is  drawn  through  the  origin) ,  the  resulting  line  intersects 
the  E-t  curve  at  the  critical  stress  ocr.  In  this  case  the  value  is 
ocr  =  72,000  psi,  and  the  problem  is  thus  solved  without  iteration. 

This  critical  stress  happens  to  be  below  the  compressive  yield 
strength  ocy  of  80,000  psi  as  indicated  by  Fig.  4.  However,  the 
"yield  strength"  is  a  value  determined  by  the  arbitrary  standard  of 
a  0.2%  offset,  and  this  offset  may  incorporate  inelastic  behavior. 
Therefore,  computed  inelastic  loads  can  fall  in  a  range  where 
behavior  is  ordinarily  assumed  to  be  elastic. 
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r,,  in  Equation  5  is  equivalent  to 
the  slope  of  critical  inelastic  Stress 
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Now  consider  a  plot  of  stress 
a  VS.  E,.  If  the  value  of  r.,  is  plot¬ 
ted  as  a  slope  throuch  the  origin 
on  this  curve,  this  slopi-  inier.nU  is 
E,  at  critical  stress  n  ,  Thus.  «  , 
can  be  read  directly,  and  there  is 
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no  need  for  iteration. 

The  required  plots  of  <r  vs.  E, 
can  be  found  from  references  such 
as  MIL-HDRK-5n. 

Before  applying  this  new  ap- 
pro.ich,  you  may  find  it  helpful 
to  review  conrnon  types  of  end 
constraints  for  a  column.  Fig.  2. 
In  the  basic  column  with  both  ends 
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Appendix  E 


Required  capacity  of  piles 
in  Piers  G  and  H 


See  Childs  Engineering  Corporation 
report  of  condition  of  piers  at 
Charleston  Naval  Shipyard  for  details 
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Childs  Engineering  Corporation  finds  maximum  LL+DL  on  Piers  H  and 
G,  piles  are  as  listed  below 

@Charleston  Naval  Station. 


A+K 

piles 

43.6 

tons 

B 

piles 

40.9 

tons 

D 

piles 

51.8 

tons 

C 

piles 

tons 

F 

piles 

tons 

G 

piles 

tons 

J 

piles 

tons 

V 

piles 

tons 

#1  piles 


40.9  tons 
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Addendum 


General  Review  Comments  on  the 
"Analysis  of  the  Remaining  Strength  of 
Concrete  Jacketed  Steel  11-Plles"  Report 

1.  Factors  of  Safety.  The  narrative  Is  not  clear  on  how  the  value  of  .506 
for  the  factor  of  safety  was  arrived  at. 

2.  Condition  I.  The  equation  for  sigma  critical  (a  Is  off  somewhat,  It 
should  be. 


a  TT  - 

cr=  (K  I/r)2 


There  exists  some  confusion  among  the  "K"  In  this  equation  and  the  various  "Ks" 
on  the  "overall  column  buckling"  worksheet.  Which  "K"  value  is  this? 


3.  Condition  III.  The  coefficient  for  sigma  critical  cr)  for  flanges 
appears  to  be  incorrect.  It  should  be  0.35  instead  of  0.416.  Refer  to 
Table  26  in  "Buckling  Strength  of  Metal  Structures"  by  Blelch,  this  table  is 
enclosed  for  your  convenience  within  enclosure  (3). 


4.  Finite  Element  Analysis  of  Column  Buckling  (see  Fig,  3).  The  derivation  for 
the  moment  of  inertia  for  a  composite  concrete-steel  pile  assumes  that  the 
concrete  acts  in  tension,  which  it  cannot.  Additionally,  the  assumption  of 
adequate  bond,  and,  therefore,  shear  transfer  between  the  steel  and  concrete 
may  not  be  valid.  Recalculatlong  the  composite  moment  of  inertia  considering 
that  concrete  acts  in  compression  only  results  in  a  lower  value.  This  will  affect 
the  stiffness  used  in  the  finite  element  analysis  and  may  impact  the  conclusion 
that  the  unbraced  column  length  is  reduced  to  that  length  below  the  concrete 
jacket.  These  points  should  be  considered  to  determine  if  the  column  load 
carrying  capacity  remains  acceptable. 


5.  Paginate  the  report. 
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Enclosure  (5) 


1 


Facrtors  of  Safety 

The  factor  ,506  is  not  a  factor  of  safety  but  rather  a  co¬ 
efficient  related  to  the  end  restraints  of  the  column  in  ^ 
question.  As  used  in  the  basic  Euler  formula  (Per  =  K.  — — )r 
the  factor  K  for  an  idealized  column  with  both  ends  fixed  against 

rotation  is  4.0.  If  the  modern  and  common  relationship  for 

1T^  E 

critical  stress  is  used  (ocr  =  —ji - t-tt — )  ,  the  effective  length, 

1q,  is  determined  by  using  a  factor  K‘  times  the  actual  length 

of  the  column  (le  =  K'l).  This  factor  also  reflects  the  end 

restraints  of  the  column  in  question.  An  idealized  column  fixed 

against  rotation  at  both  ends  has  an  effective  length  of  hi  or, 

in  other  words,  K'  =  0.5.  Since  the  relationships  for  Per  and 

ocr  are  of  the  same  form,  the  relationship  between  K  and  K'  can  be 
,  ^  E  _  E  1T^  E 

shown  as  follows:  ocr  =  (le/rV - (K'l7r)"=  (k'PTi7?)^'  = 

IT  ^  E  1 

*^(l/r')'  ^''  •  Therefore,  K  =  .  p  . 

In  the  original  discussion,  a  value  for  K  of  3.9  was  used  to 
reflect  the  small  amount  of  rotation  in  the  column  which  the 
concrete  jacket  would  allow. 

If  K  =  3.9,  K*  =  -^7^ - -  -  =  .506. 

2.  The  equation  for  ocr  should  be  written  Ocr 

^2  c 

k  Q ^ ^  2 — .  See  the  discussion  in  1 .  above. 

3.  In  his  discussion  of  Elastic  Stability  of  Plates  and  Shells, 
Roark ^sites  two  conditions  ^applicable  to  the  flanges  of  H-beams. 

One  condition  considers  the  loaded  edges  simply  supported,  one 
unloaded  edge  free  and  the  other  clamped.  The  other  condition 
considers  the  loaded  edges  simply  supported,  one  unloaded  edge  free 
and  the  other  simply  supported.  We  have  used  the  conservative 
relationship  of  assuming  one  unloaded  edge  simply  supported  and  the 
other  edge  free.  Actually,  the  restraint  of  the  edge  of  the  flange 
supported  by  the  web  of  the  H-beam  lies  between  simple  and  rigid 
support.  The  value  of  the  constant  +0.416  in  the  relationship 

Ocr  =  — assumes  that  the  attached  eoge  is  simply 
supported  and  that  the  ratio  of  length  of  flange  being  considered 
is  five  times  greater  than  the  flange  width.  (See  Table  XVI 
attached) .  Of  all  the  values  shown,  this  was  the  most  conservative 


IT  ^  E 


(K'  1/r) 


cr 


Sm 


-  2  - 


Actually,  the  section  of  the  pile  inhere  the  greatest  flange 
area  reduction  occurs  is  most  often  less  than  two  feet  long 
(a/b  *  4  for  a  12  inch  H-pile) .  in  calculating  critical 
buckling  stress  in  the  flange  of  an  H-beam  column.  For 
practical  considerations,  local  buckling  seldom  contributes 
to  final  failure  of  a  steel  H-section  marine  pile.  Brackett 
et  ^  found  in  their  studies  that  as  the  local  area  of 
corrosion  of  a  pile  shortened,  it  had  less  influence  on  the 
overall  strength  of  the  pile.  It  is  this  writer's  opinion 
that  using  a  factor  of  0.35  instead  of  0.416  would  indicate 
undue  influence  of  local  buckling  on  overall  column  strength. 

4.  The  two  citations  given  concerning  concrete  jacketing 
of  steel  members  both  are  concerned  with  beams  which  are 
subject  to  bending.  In  composite  beams,  the  horizontal  shear 
must  be  carried  from  steel  to  concrete.  At  the  interface, 
some  sort  of  shear  transfer  member  must-be  used  if  any  signifi¬ 
cant  amount  of  shear  is  to  be  transferred.  Where  beauns  are 
encased  in  concrete  they  are  still  carrying  bending.  The  re¬ 
quirement  in  Merritt**  was  for  mesh  reinforcing  within  the 
concrete.  This  mesh  would  not  transfer  horizontal  shear,  but 
would  keep  the  concrete  from  cracking  due  to  thermal  stresses. 
Columns  are  primarily  compression  carrying  members.  Bending 
stress  is  the  result  of  buckling  prior  to  failure  and  is  not 
a  principal  reaction  to  loading. 

The  overall  question  of  the  action  of  a  column  in  compression 
should  be  addressed.  The  action  of  the  column  is  primarily  one 
of  compression.  Critical  loading  is  considered  to  be  that 
axial  load  which  will  keep  a  column  in  a  bent  position  after 
the  column  has  been  deflected  by  a  hypothetical  external  lateral 
force  after  the  lateral  force  is  removed.  The  entire  cross 
section  of  the  column  is  still  in  compression,  the  magnitude 
of  compressive  load  varies  and  thus  generates  bending  moment. 


m 

i 


There  is  no  -tension  in  the  polunn  when  it  is  at  or  below  this 
critical  buckling  load.  The  calculations  on  the  following 
pages  address  load  -transfer  through  shear  from  the  concrete 
jacket  to  the  steel  H-pile  and  vice  versa.  These  calculations 
also  show  why  we  believe  there  is  no  tensile  stress  generated 
in  the  concrete  jacket. 
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